Abstract A commonly used plastic plumbing pipe, silane-cross-linked polyethylene (PEX-b according to European standards), was investigated using the Utility Quick Test (UQT), which is a migration/leaching protocol recommended for evaluating taste-and-odour properties of materials prior to installation in distribution systems. After exposure of new PEX pipe to chlorine, monochloramine or no disinfectant, the odours in the leachate were described as "chlorinous" if chlorine or monochloramine were present and "chemical/solvent-like" with descriptors of sweet, bitter, chemical, solvent, plastic, burnt and mechanical/motor oil. The presence of disinfectant, chlorine or chloramines, did not alter the odour characteristics or intensity of the PEX odour. The "chemical/solvent-like" odours persisted even after multiple flushing periods. 2-Ethoxy-2-methylpropane, commonly called ETBE, was identified as a contributor to the described odour from the PEX pipe. Aqueous concentrations of ETBE in pipe leachate ranged from a low of 23 mg/L to . 100 mg/L. The concentrations decreased with increased flushing. Panelists were able to smell ETBE at a concentration of 5 mg/L and assigned a rating of a weak odour. The need for taste and odour testing of plumbing materials prior to use in residential housing systems is necessary.
Introduction
Although the distribution system, including home plumbing materials, has been identified as a major contributor to deteriorated water quality and taste and odour in drinking water, the sustainability of materials for home plumbing systems, as relates to sensory properties, has not been widely explored (Khiari et al., 1999; Skjevrak et al., 2003; Dietrich et al., 2004; Durand et al., 2004; Tomboulian et al., 2004) . Studies have shown that many taste-and-odour episodes result after installation of new material (Khiari et al., 1999) . A lack of understanding of the contribution of distribution materials to odour could result in dissatisfied consumers or unnecessary concern in a community or within the utility.
Historically, home plumbing systems used galvanised iron, copper and cPVC (chlorinated polyvinyl chloride). Cross linked polyethylene (PEX) emerged during the 1990 s as new pipe for potable water systems because of its flexibility, durability, corrosion resistance, low scale build up, thermal stability and high tensile strength. PEX is essentially polyethylene (PE), a thermoplastic that consists of a series of ethylene hydrocarbon chains, that has undergone free radical initiated cross-linking by either the peroxide method (PEX-a), the silane (PEX-b) method, or the UV radiation method (PEX-c) (Peacock, 2001) . The method and degree of cross-linking of the PE molecules defines the characteristics of the final product which is subjected to standard testing protocols for strength and durability, but not taste and odour testing (PPI, 2001) .
Research has shown that synthetic materials such as PE and PEX are capable of leaching volatile organic compounds (VOCs) (Brocca et al., 2002; Skjevrak et al., 2003) . These polymer materials are usually coated with plasticisers, antioxidants and application solvents that serve as radical scavengers that inhibit oxidation of the plastic pipe. One study assessed the odour from an unspecified PEX material using the quantitative standard threshold odour number (TON). TON $ 5, which exceed the secondary maximum contaminant level (MCL) of TON ¼ 3, were observed for PEX pipes (Skjevrak et al., 2003) . Either the manufacturing materials or processes used during the PEX production may contribute compounds that cause taste-and-odour episodes when exposed to drinking water. Chemical Accident Reconstruction Services, Inc. (Chemaxx) in 2001 investigated an incident of water contamination from cross-linked polyethylene tubing installed in newly constructed homes (Chemaxx, 2005) . Consumers complained of a "gasoline" odour in their drinking water. The investigation identified the presence of t-butanol and MTBE, breakdown products of the cross-linking catalyst, t-butyl peroxide. This negative implication of PEX usage is the cause of ongoing debates in California surrounding the use of PEX as a household plumbing material.
No study has attempted to use FPA to characterise the odours generated from PEX materials or to link a specific compound to a described odour. Additionally, little has been done to evaluate the role of disinfectants in affecting the odours generated from PEX material. Water quality parameters such as pH, temperature, concentration of natural organic matter and type of disinfectant have all been shown to significantly influence the type and intensity of taste and odour compounds and events (Khiari et al., 1999; Heitz et al., 2002; Worley et al., 2003; Whelton and Dietrich, 2004) . Knowledge of the effects of type of disinfectant on water quality is becoming more critical as utilities are switching to chloramines for disinfection and DBP control.
The goal of this research was to assess the type and intensity of odours generated when PEX plumbing material was exposed to tap water under static conditions. Specific objectives were to: determine the odour characteristics and intensities of leached odourants when drinking water contacted with PEX material; examine the role of chlorine and monochloramine in the leaching of odourous chemicals; attempt to identify and link a specific compound to the odour generated in water from PEX exposure. To achieve these objectives, the PEX material was exposed to different water qualities using the utility quick test (UQT), a standard operating leaching/migration protocol established for utilities in the United States .
Material and methods
Lengths of 3.05 m of 19.2 cm (3/4 inch) cross-linked polyethylene pipe were purchased at a local home supply store. The PEX pipe was certified according to NSF-61 standards, based on health effects, for use in hot/cold potable water systems. The PEX material utilised was manufactured using the silane cross linking procedure (PEX-b according to European standards).
The UQT migration/leaching protocol used 2.44 m lengths of PEX pipe. Each pipe length was flushed for 3 h, disinfected with 50 mg/L free chlorine and rinsed according to the leaching protocol of the UQT. Separate experiments consisted of dosing the experimental water with no disinfectant, 2 mg/L free chlorine or 4 mg/L monochloramine as Cl 2 at room temperature and pressure. An experimental tap water was prepared using nanopure water and salt concentrations typical of drinking water in the Eastern United States. The following concentrations of ions were generated; 8 mg/L Mg No additional TOC was added to the water resulting in water of very low TOC concentrations (0.1 -0.2 mg/L); alkalinity was 34 mg/L as CaCO 3 , and pH range was 7.8 -8.0. The PEX pipe was filled completely with experimental water and sealed using Teflon-lined stoppers and parafilm "M" paper and left under static conditions for three consecutive periods. A fresh batch of experimental water was used to refill the pipe section after each stagnation period. The exposure time per flush varied between 96 h (4 days) and 72 h (3 days). Controls, with and without disinfectant, were prepared for each experiment by placing experimental water in 500 mL glass Erlenmeyer flasks that were wrapped with aluminum foil paper to prevent exposure to light, and then sealed with glass stoppers.
Ten research students and faculty at Virginia Tech were recruited and trained for several weeks in flavour profile analysis (FPA). This training and research protocol was approved according to the standards of the Virginia Tech Institutional Review Board for human subjects. For FPA analysis of samples, four to six members were present at all times. The procedure for FPA analysis was followed from Standard Methods 2170. Samples of 200 mL in 500 mL Erlenmeyer flasks were analysed by panelists at a temperature of 45 8C.
Solid phase microextraction/gas chromatography-mass spectrometry (SPME/GC-MS) with 75 mm Carboxene-PDMS coating fibers (Supelco; Bellfonte, PA, USA) was used to measure organic compounds. The SPME conditions were optimised by the addition of 6 g of NaCl to 30 mL of sample water placed in a 40 mL VOA vial. The sample was stirred using Teflon coated magnetic stir bars at 50 8C for 20 min during which time the fibre was injected into the 10 mL sample headspace for sorption. An Agilent 6890 Series GC system connected to Agilent 5973 network mass selective detector was operated in splitless mode with a 0.75 mm i.d. injection sleeve, total helium flow of 24 mL/min, inlet temperature of 220 8C, and 80 kPa pressure. J&W DB-5 capillary column (30 m £ 250 mm, 30 mm thickness) was used for all analysis. The temperature program was: 60 8C hold for 7 min then ramped from 60 to 120 8C at a rate of 10 8C/min and finally from 120 to 260 8C at a rate of 20 8C/min. Samples were allowed to desorb for 3 min. The mass spectrometer was operated in full scan mode, from m/z 50 -400. All samples were analysed within 2 days of collection.
For quantification of ETBE, a 100 mg/mL in methanol standard of ethyl-t-butyl-ether (ETBE) (CAS#637-92-3) was purchased (Chem Service, Inc, West Chester, PA USA) and methyl-t-butyl ether (MTBE) was purchased from Fisher Chemical. The full-scan mass spectra of the purchased standards were determined. To quantify the concentration of ETBE in the pipe leachate samples, ETBE standards were prepared at 5, 50, 100 and 150 mg/L in synthetic water with no disinfectant. These standards were extracted and analysed using the same SPME/GC-MS procedure as used for the samples and described above. The MS was operated in selected ion monitoring mode using previously identified major ions of m/z 57, 59, 87 (59 was the base peak). The calibration curve was linear with R 2 ¼ 0.9989. Replicate SPME/GC-MS measurements of a 50 mg/L ETBE standard
Free chlorine, total chlorine and monochloramine were determined by measuring the concentration of these species before and after they were stored in the PEX pipes and glass control flasks. Concentrations of the disinfectant species were determined using appropriate powder pillows and a HACHw Pocket Colorimeter II and HACHw DR/2400 Portable Spectrophotometer.
Results and discussion

Sensory analysis of PEX leachate
Analysis of the water samples after exposure to the silane crossed-linked PEX pipe clearly demonstrated the presence of a distinct odour as summarised in Table 1 . Although the descriptors used varied among panelists, the overall odour can be summarised under the general category of "chemical/solvent". This odour was perceived as being either "sweet" or "bitter" by the panelists. Although different panelists used different descriptors, individual panelists repeatedly described their perceived odour using the same descriptors. The odour character did not change with flushing.
The overall average intensities of the odour are shown in Figure 1 . FPA intensities ranged from a low of 2 to a high of 6 and decreased in the third flush compared to flushes 1 and 2. The presence of the residual disinfectant chlorine or monochloramine did not alter the "chemical/solvent" odour intensity rating of the PEX pipe leachate to any great extent.
After each flush period the residual disinfectant was measured in the leachate samples and the glass controls. Similar residual disinfectant concentrations of 1.3 -1.9 mg/L free chlorine or 1.5-2.5 mg/L monochloramine were observed for water contacted with either PEX pipe or the glass controls. Thus, typical decay of these oxidants occurred and PEX itself did not enhance the loss of disinfectant. The data do not show a clear overall trend of antagonism or synergism of chlorine or monochloramine on the PEX-related odour. Results also showed that both in the presence and absence of disinfectant, the panel sometimes described a "burning" sensation in addition to the "chemical/solvent" characteristic odour. The results show that the "chemical-like" Figure 1 Average FPA odour intensities of leachate from PEX pipe exposed to water containing no disinfectant, 2 mg/L free chlorine and 4 mg/L monochloramine as chlorine odours persisted even after the third flush period for each disinfectant. Previous work has described a burning plastic odour from polyethylene pipes used in distribution systems (Anselme et al., 1985) .
Identification of odorous compounds SPME/GC-MS was performed on the leachate to identify potential odorous compounds in the PEX leachate. The results showed the repeated presence of the oxygenate, 2-ethoxy-2-methylpropane, commonly known as ETBE (ethyl-t-butyl ether) (Figure 2 ). ETBE was confirmed by matching the retention time and mass spectrum of the sample to a purchased standard. MTBE, which has been reported to be in other PEX pipes (Skjevrak et al., 2003) , was clearly not present in the leachate of silane cross-linked PEX used for this research. Unlike the mass spectrum for ETBE (Figure 2 ), the mass spectrum for MTBE consists of a base peak at m/z 73 with minor ions at m/z 41 and 57. Several other organic compounds were tentatively identified based on library mass spectral matching including nonanal, decanal, butylbutanoate, xylene, 2-ethyl-1-hexanol 2,5-dimethyl-2,5-hexanediol and 2,2-diethoxypropane. Aqueous ETBE concentrations were measured and ranged from a low of 23 mg/L to . 100 mg/L in the leachate water. As seen in Figure 3 the concentration of ETBE decreased with repeated flushing of the PEX. Higher concentrations were obtained in the absence of disinfectant which may be due to the presence of chlorine which could lower the measured concentrations of organics when using SPME for analysis (Lin et al., 2003) or caused by ETBE degradation by chlorine or monochloramine. Because of the 100-fold difference in chlorine or monochloramine concentrations compared to ETBE, it is not possible to quantitatively associate loss of ETBE to reaction with disinfectant. Further studies are needed to verify the reactivity of chlorine, ETBE and the SPME fibre.
Odour characteristics of ETBE
Once ETBE was identified as a consistent contaminant in the water samples from PEX pipe, the next step was to determine its potential contribution to the chemical/solvent odour. Panelists described the odour of known concentrations (5 to 50 mg/L) of ETBE in experimental tap water alone or with 2 mg/L Cl 2 or 4 mg/L NH 2 Cl as Cl 2 . Similar "solvent/chemical" descriptors as used for the PEX pipe leachate (Table 1) were used to describe the odour of the standard ETBE solutions. These results correspond with those of the PEX pipe sample (Figure 1 ) where it was observed that FPA intensities decreased for the third flush where the ETBE concentration was the lowest. The lowest concentration analysed (5 mg/L) was rated an FPA intensity of 2.5, while a 50 mg/L concentration was rated 3.5. Thus, in the range of concentrations found in the PEX pipe leachate, and ignoring synergistic and antagonist effects from other organic compounds in the leachate, the odour intensity of ETBE likely varied only from very weak (FPA ¼ 2) to weak (FPA ¼ 4). A previous study by Young et al. (1996) resulted in a proposed secondary MCL for a similar oxygenate, MTBE, of 5 mg/L in California. Similar to the PEX pipe samples, panelists recorded a burning sensation during FPA analysis of ETBE samples. This burning sensation was experienced by most panelists and occurred in the absence or presence of disinfectant. The effect of low and high residual chlorine and chloramines disinfectant concentrations on the FPA odour intensity of a 50 mg/L ETBE standard solution was examined ( Table 2 ). The ability of panel members to detect the ETBE odour was reduced in the presence of chlorinous odour from free chlorine. These results in Table 2 do not correspond directly with those of the PEX pipe sample (Figure 1) where it was observed that FPA intensities remained constant despite the presence of disinfectant. In understanding this it is important to note that several other organic compounds were detected in the PEX leachate which likely are contributing to the overall chemical odour intensity of the PEX samples and may even be antagonistic to the ETBE odour. Interestingly, some panelists were able to separate a strong chlorine odour in the presence of chlorine disinfectant, but for others it was difficult to do this. This chemical/solvent odour was rated higher when the chlorine concentration was low. No chlorinous odour was detected when monochloramine was used, even though chemical analysis showed chloramines present. Monochloramine odour therefore did not mask the ETBE odour. An average FPA intensity of 3.4 for the chemical odour was reported in the absence of disinfectant.
Conclusion
The results of this study show the potential for a type of silane cross-linked PEX pipe (PEX-b designation) to contribute a "chemical/solvent" odour, perceived as "sweet" or "bitter", with a strong burning sensation, to drinking water both in the presence and absence of disinfectant. This work supports the growing need for sensory testing of household plumbing materials prior to installation. Evaluating and understanding the potential of home plumbing materials to impair the taste-and-odour properties of drinking water will collectively benefit material manufacturers, utilities and most importantly, the consumers. Plastic pipe manufacturers must carefully consider the compatibility of the additives and other chemicals used in pipe processing with various drinking water qualities. This is especially important with PEX material because several methods of processing exist. All PEX materials may not display identical characteristics under similar conditions. The current solution to these odour problems is extensive flushing prior to use, which is not economical and does not adhere to the principles of water conservation and environmental sustainability. This area of research warrants further studies.
